STUDY QUESTION: Is O 2 tension in the pig oviduct and uterus affected by the estrous cycle stage and the animal's age, and can the outcome of in vitro embryo development be improved by mimicking these physiological values?
Introduction
In 1978, the first human being was born following the use of Assisted Reproductive Technologies (ART) (Steptoe and Edwards, 1978) . Since then, according to the European in vitro fertilization (IVF) Monitoring Programme (EIM) for the European Society of Human Reproduction and Embryology (ESHRE), 6.5 million babies have been born worldwide from these procedures (Adamson, 2017) . Infertility affects more than 186 million people (Inhornand and Patrizio, 2015) and, for this reason, ART have become a widespread practice, especially in developed countries. These technologies, however, may have some drawbacks when compared to natural conception, as recent studies have reported higher rates of birth defects in several species including humans following ART procedures (Boerjan et al., 2000; Hansen et al., 2013) . Although the causes of congenital disorders are still not clear, alterations caused by the in vitro microenvironment, which affect the embryo epigenome profile and gene expression, could be a contributing factor (Cánovas et al., 2017a) .
IVF and embryo culture (EC) are performed in incubators, where the atmosphere surrounding the gametes and embryos can be regulated. Consequently, performing these procedures using precise temperatures and gas compositions that best mimic those found in reproductive organs would be a major step towards improving in vitro systems for embryo production and minimizing potential neonatal defects. O 2 is required for oxidative phosphorylation, and the generation of reactive O 2 species (ROS), which are essential for the maintenance of cell signaling and homeostasis mechanisms but toxic in excess (Thannickal and Fanburg, 2000) . In mammalian reproduction, O 2 and ROS play a critical role in events taking place in the female genital organs, such as ovulation (Shkolnik et al., 2011) , sperm capacitation (De Lamirande and Gagnon, 1995) , fertilization (Catt and Henman, 2000) , or early embryonic development, and implantation (Catt and Henman, 2000; Bontekoe et al., 2012) . For this reason, a precise knowledge of the physiological tension of O 2 within the oviduct and uterus is essential for its translational use in ART, whose efficiency and quality are still far from 100% (Thompson, 1997; Ventura-Juncá et al., 2015) .
In spite of its practical importance, not many in vivo studies have been carried out in mammals to obtain direct measurements of O 2 tension in organs within the female reproductive tract. Most of the available information comes from small animal models such as rat, hamster, rabbit, (Bishop, 1956; Mastroianni and Jones, 1965; Kaufman and Mitchell, 1990; Fischer and Bavister, 1993) , or primates, such as the rhesus monkey (Fischer and Bavister, 1993) . However, no reference values have been published to date in domestic species or large animal models. Moreover, in humans, only one study reported a series of O 2 measurements within the uterus (Ottosen et al., 2006) . Through analysis of the results from these previous in vivo experiments, it is evident that there is a wide range of values which vary depending on the species, organs, and even the physiological status of the individual (Table I ). While differences in O 2 tension have been inconsistently reported in smaller animals, it is remarkable that, at least in primates, there is a drastic reduction of O 2 tension experienced by the embryo as it transits from the oviduct to the uterus. Thus, there is a need to characterize animal models that may have closer physiology to the human.
To estimate ambient parameters within reproductive organs in vivo, care must be taken to ensure that the surgical techniques used do not damage the tissue. Important parameters that could impact the measurements include preparation of the animals before surgery, the anesthetic protocol, the surgical approach, and the biosensors used. In previous studies in pigs, where the pH and temperature were determined in vivo, the surgical approach to access the oviduct and uterus was by median laparotomy (Hunter and Nichol, 1986; Nichol et al., 1997) . Nowadays, the development of minimally invasive approaches based on laparoscopy allows new possibilities. Among them, we use the laparo-endoscopic single-site surgery (LESS) assisted approach, which has been used successfully by our research group to continuously recording pH values within the pig oviduct (López Albors et al., 2015) . As for the O 2 biosensors, most of previous studies in animal models were based on a flexible polarographic O 2 probe (Bishop, 1956a; Mastroianni and Jones, 1965; Kaufman and Mitchell, 1990; Fischer and Bavister, 1993) . However, the recent development of flexible and miniaturized luminescent probes (up to 500 microns diameter) allow acquisition of more reliable data.
The twin goals of this study were (1) to determine the O 2 tension within the oviduct and uterus of the pig, with particular attention to minimizing iatrogenesis, and (2) to assess the effect of the measured physiological levels of O 2 on ART, IVF and EC. As mentioned above, no previous information is available yet in this species, which is relevant as an animal model in biomedical studies because CRISPR-Cas9 technology allows production of in vitro porcine embryos harboring mutations relevant to study human diseases (Wang et al., 2015; Whitelaw et al., 2016) .
Besides, the efficiency of ART in this species is still poor, mainly due to the high rates of polyspermy during IVF and the suboptimal culture conditions leading to low numbers of viable blastocysts for embryo transfer (Kikuchi et al., 2002; Funahashi, 2003; Dang-Nguyen et al., 2011; Cánovas et al., 2017b) . Thus, it is worthwhile to explore the possibility of improving porcine IVF outcome by mimicking the O 2 values in the reproductive tract under physiological conditions.
Material and Methods
Estimation of the in vivo O 2 levels within the oviduct and uterus
This study was carried out in the facilities of the Minimally Invasive Surgery Center Jesús Usón (Cáceres) and the Experimental Farm of the Veterinary Faculty at University of Murcia (Spain). All the experimental work was approved by the ethical committee of the University of Murcia for the project with reference AGL2012-40180-C03-01, according to the Spanish law Royal Decree 52/2013 of 1 February about protection of animals used in experimentation and others scientific purposes, including teaching.
Animals
Two groups of animals were used: 16 pre-pubertal hormonally-induced gilts (G), and 13 mature sows (S). All pigs were of mixed Large-White × Landrace breed and were randomly selected from the stock kept in the animal facilities. Gilts had an approximate age of 5 months and weighed 80-117 kg (average 95 kg). All gilts were induced to ovulate with a sequenced injection of eCG (1000-1500 IU, Foligon; Intervet International BV, Boxmeer, Holland) and hCG (750IU Veterin Corion; Divasa Farmavic, Barcelona, Spain) 56 h after the first injection (Coy et al., 1993) . The expected time for ovulation was 38-42 h after the second injection, and during this period, the gilts showed external and behavioral characteristic of estrus. Sows were aged 24-48 months, and weighed 140-280 kg (185 kg average). Sows had been pregnant at least three times prior to use in this study, and after weaning, their sexual behavior was confirmed using a mature fertility-tested boar. All the pigs were fed with commercial food appropriate for their productive state, kept under a natural photoperiod and a temperature range of 16-27°C.
Surgical procedure and measurement of O 2
Pigs were kept in individual pens, and after 24 h of fasting, they were premedicated with intramuscular injection of atropine (0.04 mg/kg), diazepam (0.4 mg/kg) and ketamine (10 mg/kg). The animals were pre-oxygenated before administration of propofol 1% (3 mg/kg), and then intubated and mechanically ventilated. Anesthesia was maintained with isofluorane (ISOFLO, Esteve 2-3% O 2 ) and 0.9% intravenous sodium chloride (2 ml/ kg/h). Animals were placed in lateral recumbence and under CO 2 pneumoperitoneum of 8-10 mmHg. out with a monoport device (GelPOINT ® Advanced Access Platform, Applied Medical, Rancho Santa Margarita, California, USA) ( Fig. 1) . After a rapid visualization of the abdominal organs, non-traumatic laparoscopy forceps were used to grasp the ad-ovarian end of the uterine horn towards them on port opening. Pneumoperitoneum and the monoport cap were then removed to allow a gentle manipulation of the reproductive organs. Upon visual inspection of the ovaries, the pigs were categorized by cycle stage as early follicular (EF), peri-ovulatory (PO), or luteal (LU) phases. Criteria for categorization were: EF, ovaries contained only follicles 1-2 mm in diameter and less than six follicles of 8-12 mm in diameter (n = 6 Gilts, two Sows); PO, ovaries contained more than six follicles of 8-12 mm in diameter or more than six hemorrhagic (red) corpora (n = 10 Gilts, five Sows); LU, ovaries contained more than six corpora lutea and no follicles larger than 1-2 mm in diameter (n = 6 Sows). O 2 measurements were carried out with a flexible fiber-optic microsensor 0.5 × 1000 mm, which was connected to a recording unit (Oceanoptics Optics) and a laptop computer (Fig. 2) . A temperature probe was also connected to the recording unit, which according to the manufacturer's instructions, was placed into the abdominal cavity immediately before measurement for precise on-site calibration of the O 2 sensor, and to allow automatic temperature compensated records of O 2 levels.
The O 2 sensor was inserted at three different sites of the reproductive tract, the oviduct ampulla (n = 26), the oviduct isthmus (n = 24) and the ad-ovarian end of the uterine horn (n = 13). Oxygen measurements were only performed in the uterus in the final series of animals, as the initial goal was to define in vivo values of O 2 tension relevant to IVF. Thus, only O 2 values within the oviduct ampulla and isthmus were necessary. After an initial series of measurements, we decided to include the uterus and also to extend the in vitro study to the embryo culture in order to get a broader and better characterization of the O 2 physiological tension within the porcine reproductive tissues and its effects on two different ART, such as IVF and EC.
At any of the three sites, the protocol consisted of the following steps: insertion of the probe, return of the organs to anatomical position, 5 min interval for stabilization of abdominal physiological environment with the monoport tap-in, and recording of O 2 measurements for 10-12 min. The insertion of the O 2 sensor within the organ lumen was the most delicate part of the protocol. It normally took no more than 3-7 min in each place. The rapid identification of the oviduct abdominal opening allowed a smooth introduction of the O 2 probe into the ampulla. The tip of the sensor was placed at 6-8 cm from the abdominal opening, and kept in position by compressing the sensor wire against the infundibulum wall with nontraumatic microsurgery clamps (Fig. 2) . Care was taken to avoid any damage to the blood vessels. For implantation within the isthmus, a passage through the organ wall was initially created by puncture with a venocath catheter. The venocath needle was then removed and the O 2 sensor passed through the catheter sheath until properly placed into the isthmus lumen, at no more than 2 cm from the venocath puncture (Fig. 2) . Due to the very narrow and delicate mucosa of the isthmus, these maneuvers were done with maximum care. A similar procedure as described for the oviduct isthmus was followed for implantation of the sensor within the uterine hor. However, in this case, the venocath catheter was thicker and the tip of the sensor inserted 6-8 cm depth into the lumen. After implantation within the isthmus or uterus the O 2 sensor was kept in place by anchoring it to the mesosalpinx or mesometrium by two absorbable surgical stitches or microsurgery clamps. To evaluate potential interference of the O 2 supplied by the anesthetic equipment with the measured levels of O 2 within the oviduct and uterus, trials were carried out in three pigs. During these trials the ventilation system was switched off for reasonable time (12-15 min). Despite monitoring progressive decrease in blood oxygenation and increased hypercapnia, the recorded levels of O 2 within the reproductive organs remained stable.
After measurements, the surgical site was sutured in three planes and the pigs were treated with broad spectrum antibiotic, amoxicillin/clavulanic acid (20 mg/kg) 1750 mg orally, every 12 h up to 7 days, and a serial of intramuscular injections of two analgesics, Brupenorphine (Buprex) (3 ml) and Meloxicam (Meloxidyl) (20 mg/kg), every 12 h up to 5 days.
IVF and in vitro embryo development procedures in pigs
Unless otherwise indicated, all chemicals and reagents used for the culture media were acquired from Sigma-Aldrich Quimica S.A. (Madrid, Spain).
Oocyte collection and in vitro maturation
Ovaries from pre-pubertal Large-white × Landrance gilts were transported to the laboratory in saline solution containing 100 μg/ml of kanamycin sulfate at 38.5°C, washed once in 0.04% (w/v) cetrimide solution and twice in saline solution within 30 min of slaughter. Cumulus cell-oocyte complexes (COCs) were collected from antral follicles from 3 to 6 mm diameter, washed twice with Dulbecco's PBS (DPBS) supplemented with 1 mg/ml polyvinyl alcohol (PVA), then washed twice more in maturation medium previously equilibrated for a minimum of 3 h at 38.5°C under 5% CO 2 , 20% O 2 and 75% N 2 and humidity saturated atmosphere. Maturation medium was NCSU-37 (Petters and Wells, 1993) supplemented with 0.57 mM cysteine, 1 mM dibutyryl cAMP, 5 mg/ml insulin, 50 μM β-mercaptoethanol, 10IU/ml equine chorionic gonadotropin (eCG; Foligon; Intervet International BV, Boxmeer, Holland), 10 IU/ml human chorionic gonadotropin (hCG; VeterinCorion; DivasaFarmavic, Barcelona, Spain) and 10% (v/v) porcine follicular fluid (Cánovas et al., 2017) . Only COCs with complete and dense cumulus oophorus were used for the experiments. Three hundred to 330 oocytes in groups of 50-55 COCs were cultured in 500 μl maturation medium for 22 h at 38.5°C under 5% CO 2 (20% O 2 ). After culture, oocytes were washed twice in fresh maturation medium without dibutyryl cAMP, eCG, and hCG and cultured for an additional 20-22 h (Funahashi et al., 1997) . Five replicates were performed.
In vitro fertilization
After 44 h post-maturation, cumulus cells were partially removed mechanically by pipetting. Next, mature oocytes were preincubated in a 50 μl drop of porcine oviductal fluid (POF) from the late follicular (LF) phase of the reproductive cycle (NaturARTs ® POF-LF, EmbryoCloud, Murcia, Spain) for 30 min and then washed twice in TALP medium. TALP medium consisted of 114.06 mM NaCl, 3.2 mM KCl, 8 mM Ca-lactate.5 H 2 O, 0.5 mM MgCl 2 .6 H 2 O, 0.35 mM NaH 2 PO 4 , 25.07 mM NaHCO 3 , 1.85 mM Na-lactate, 0.11 mM Na-pyruvate, 5 mM glucose, 2 mM caffeine, 1 mg/ml PVA, 0.17 mM kanamycin sulfate, 3 mg/ml Bovine Serum Albumin (BSA) and 1% (v/v) of NaturARTs ® POF-LF (EmbryoCloud, Murcia, Spain).
Groups of 50 oocytes were transferred into each well of a 4-well multidish containing 250 μl TALP medium. Ejaculated spermatozoa from boars (12-24 months old) of proven fertility were transported to the laboratory and 1 ml of semen was lain below 1 ml of NaturARTs ® PIG sperm swim up media (EmbryoCloud, Murcia, Spain) at the bottom of a conical tube. After 20 min of incubation at 38.5°C (with the tube at a 45°angle), 0.5 ml from the top of the tube were aspirated, diluted in 250 μl TALP medium and used for insemination of the IVF multidishes with the oocytes, with a In vitro embryo culture
The media for embryo culture was NCSU-23 (Petters and Wells, 1993) (NCSU23-A) was used for the first 48 h, followed by NCSU-23 supplemented with glucose (5.5 mM) and 1% (v/v) porcine uterine fluid (PUF) from the late luteal (LL) phase (NaturARTs ® PUF-LL, EmbryoCloud, Murcia, Spain) (NCSU23-B) for the rest of the culture period (up to 180 h). At 18-20 h post-insemination (hpi), putative zygotes were transferred to culture dishes containing NCSU23-A media. They were incubated at 38.5°C under 5% CO 2 and 20% O 2 or 7% O 2 . At 48 hpi, the cleavage was assessed under the stereomicroscope, and the 2-4 cell stage embryos were transferred to NCSU23-B, maintaining the above conditions. On Day 7 (180 hpi), development to the blastocyst stage was assessed under the stereomicroscope: early blastocysts, blastocysts, expanded blastocysts and hatching and hatched blastocysts were registered for each replicate. Thereafter, blastocysts were fixed and stained. The parameter assessed in the stained blastocysts was mean number of cells per blastocyst.
Statistical data analysis
For the in vitro study, 1447 oocytes were used in five replicates of around 300 oocytes each: From each 300 oocytes used in each replicate, 150 underwent IVF and embryo culture at 20% O 2 and 150 underwent IVF and embryo culture at 7% O 2 . After IVF, 50 putative zygotes from each replicate and condition (7% or 20% O 2 ) were fixed, stained and evaluated as above indicated, while the other 100 oocytes continued in culture to asses embryo development at 48 hpi and 180 hpi as above indicated. For statistical analysis, the IBM SPSS 22 package was used. Descriptive statistics, including mean, standard deviation, and the 20th, 50th and 80th centiles of the series were used to characterize each monitored replicate of O 2 measurements. Up to three replicates per pig were obtained (ampulla, isthmus and uterus), and potential differences not only due to the sampling site, but also to the sexual maturity of the pigs (gilts and sows), and the stage of the estrous cycle (EF, PO and LU) were evaluated by Levene's test and subsequently by double ANOVA (one-way with the means, and repeated measures with the 20th, 50th and 80th centiles).The experimental variables of IVF (percentage of penetrated oocytes, monospermy rate, mean number of spermatozoa penetrating per oocyte and mean number of spermatozoa bound to the zona pellucida) and embryo culture experiments (mean number of cells per blastocyst and embryo development stage) were also tested for normality (Shapiro-Wilks) and homogeneity of variance (Levene) and then analyzed by one-way ANOVA. When ANOVAs revealed a significant effect (double checked for the O 2 replicated), values were compared by the post-hoc Tukey test. A P-value <0.05 was considered statistically significant.
Results
In vivo recorded O 2 levels within the oviduct and uterus vary depending on the sexual maturity and estrous cycle stage of the animals
The methodology used for in vivo monitoring of O 2 within the oviduct and uterus in both pre-pubertal gilts and multiparous sows minimized iatrogenesis. The average time between the beginning of the surgery (skin incision) to the externalization of the ovary and oviduct was 7 min (5-22 min interval, n = 29). If bleeding occurred (once in the ampulla and five times in the isthmus), measurements were discarded. Thus, the final figures of effective evaluation of O 2 tension were based on 25 readings in the ampulla (16 gilts and nine sows), 20 in the isthmus (12 gilts and eight sows), and 13 in the uterus (the latest series of pigs, eight gilts and five sows).
After efficient insertion of the probe within the organ and the stabilization period (5 min), discrete O 2 measurements were recorded in vivo and in real time every 10-15 s for a time period of 10-12 min. The display of the monitored O 2 levels in each sampling site showed two different profiles (Fig. 3) . One profile was a flat line with minimum variation from the average, while another showed a waved pattern with peaks as high or low as 1.97-2.63% (15-20 mmHg) from the mean, and wave lengths as long as 0.5-3 min. Both profiles were observed in the ampulla and isthmus sites in both groups of pigs (gilts and sows) but the flat pattern was only observed in the uterus in gilts not in sows, and the three stages of the estrous cycle (EF, PO and LU). The chi-squared test showed a significant negative association of the flat profile with the uterus (Table II) .
The results of the measured O 2 levels within the reproductive organs have been summarized in Figs 4 and 5. The average O 2 content within the reproductive organs of the pigs was always lower than ambient air. A clear difference in oxygen tension was observed between gilts and sows (Fig. 4) . While in gilts the mean O 2 % was 10.1 ± 1.6, in sows it was of 7.6 ± 1.8 (P < 0.0001).The difference was consistently found in the oviduct ampulla and isthmus, such that in average it was about one-third lower in both sites (Fig. 5A) . However, in the uterus the O 2 % was 13% (about 1.2% O 2 ) higher in sows, but this was not significant (Fig. 5A) .
When the results were analyzed separately for gilts and sows, additional differences were observed (Fig. 5A) . In gilts, the O 2 % in the uterus was significantly lower than in the ampulla, while in sows it was significantly higher than in the isthmus. Finally, no significant changes in the O 2 % were observed throughout the estrous cycle in either gilts and sows, although a trend towards higher O 2 % at the peri-ovulatory stage (PO) was observed (Fig. 5B) .
Physiological versus ambient O 2 concentration has no effect on in vitro fertilization parameters
The efficiency of IVF was assessed under two different O 2 conditions (20% and 7% O 2 ). 20% was used as a control because this is the standard O 2 concentration used in most pig reproduction laboratories. As mentioned above, 10% O 2 was found in gilts whereas 7% O 2 was measured in sows. However, 7% O 2 was selected as reference value for ART experiments because represented the natural conditions in which fertilization and embryo development take place in in vivo conditions, where adult animals are used for reproductive purposes. A total of 509 in vitro matured oocytes were used in this experiment. Culture of gametes during IVF under 7% O 2 in air did not impact the following parameters relative to controls cultured at 20% O 2 : penetration, monospermy, number of spermatozoa penetrating each oocyte (sperm/oocyte), or number of spermatozoa bound to the zona pellucida (ZP binding) (Table III) .
Physiological versus ambient O 2 concentration has a significant effect on embryo development parameters Although fertilization parameters were not affected by performing IVF under two different O 2 tensions, preimplantation embryo development was. We assessed the effect of different O 2 tensions on the development of a total of 938 potential zygotes derived from IVF: 471 obtained under culture conditions of 20% O 2 and the remaining 467 under 7% O 2 . The cleavage rate of porcine in vitro fertilized embryos maintained under 7% O 2 during IVF and embryo culture was significantly higher (60.0 ± 2.3) compared with those cultured under 20% O 2 (32.0 ± 2.2), remarkably improving the efficiency of the culture system (Table IV) . Regarding embryo quality parameters, blastocysts cultured under low O 2 concentrations had increased cell numbers (88.9 ± 5.9) compared to those cultured under 20% O 2 (59.0 ± 5.0). Blastocyst development stage was evaluated on Day 7 of culture (Fig. 6) . Although no significant differences were appreciated in the embryo between the groups due to the limited number of blastocysts, the absolute values for hatching and hatched blastocysts were larger in embryos cultured under 7% O 2 than under 20%. Taken together, these results suggest that embryos fertilized and cultured at low O 2 levels have a tendency to achieve a more advanced embryonic stage (Table V) .
Discussion
The surrounding environment has long been known to be essential for the growth and development of cells that receive external information and produce a physiological response as a result of it. Nowadays, thanks to the emergence of new fields such as epigenetics, we know that cells are able to modify their gene expression in response to their environment as well. Therefore, to maintain the genetic, biochemical, and A profile was considered as waved when at least two waves deviating >1.3% (10 mmHg) oxygen from the mean or one wave longer than 2 min were observed. Figure 4 Oxygen levels in the reproductive tract (mean ± standard deviation) related to the sexual maturity of the pigs, the sampling sites (gilts and sows combined data) and the stage of the estrous cycle (early follicular (EF), peri-ovulatory (PO) or luteal (LU): gilts and sows combined data). Different letters are used to indicate significantly different values.
physiological traits of embryos produced in the laboratory, it is fundamental to generate culture conditions that approximate those found in nature. This requires a detailed knowledge of the physiological environment where fertilization and embryo development take place in the female reproductive tract. For this reason, developing precise in vivo procedures to measure physiological parameters is a justified need. For the validation of physiological parameters during ART, pig is an ideal model. First, the pig has high homology to humans, which has been powerfully demonstrated in genomic studies (Schachtschneider et al., 2015) . Second, the body size of pigs facilitates surgical procedures, and because pigs are multiparous, we can obtain large numbers of oocytes or embryos for research purposes. Finally, as mentioned, in vitro systems for embryo production in this species are severely deficient. Therefore, an improvement of ART using physiological parameters would provide insight into the low numbers of blastocysts produced with these procedures as well as increase the efficiency of these systems in this species. This information would have important implications for agriculture and biomedical fields (Whyte and Prather, 2012) .
Considering the multiple sexual conditions of the pig females currently used in farms and the variety in the source of oocytes used for ART and animal model studies, this work was carried out in two groups of pigs, one of pre-pubertal gilts treated for estrous cycle induction, and another one of sexually mature multiparous sows with no hormonal treatment. The first group resembles the oocytes used for in vitro maturation (IVM) in the IVF laboratories, which stimulated to resume meiosis, whereas the second one could be considered as a control, with no hormonal treatment.
Nowadays, while the use of low O 2 tension (5%) takes part in a standardized protocol performed by all human fertility clinics during in vitro culture resulting in improved embryo development and pregnancy (Waldenström et al., 2009 ) than those using atmospheric tension, this has not been as well established in animal reproductive centers. Preliminary in vitro studies have reported the positive effect of using 5% O 2 on blastocyst in vitro development (IVD) as those reported in bovine by Lim et al. (1999) where an artificial and defined culture media (mBEC) was used. This work also proved that the combination of low O 2 with the addition of a biological protein source such as Fetal Bovine Serum (FBS) to the culture media provides a more suitable atmosphere. In this study, we used oviductal and uterine fluid to provide a physiological environment. In the case of pig Berthelot and Terqui (1996) and Im et al. (2004) have concluded that the best O 2 tension to improve the EC conditions is 5%. In the first study, 2%, 5%, 10% and 21% O 2 were compared, but the in vivo value (7%) recorded in our study was not used for this authors. In the second study, 5% and 21% O 2 were compared by using porcine embryos generated by nuclear transfer. However, the most important difference of our study relative to these preliminary studies is that a physiological O 2 tension was recorded for first time in pigs, which have not been used before, and was adopted during both IVF and EC periods. Low O 2 environment (5%) is more prevalent in ruminant during ART, however, is not still taken into account in pigs. Although 5% O 2 is closer to the physiological values than 20-21%, human embryos for instance, are exposed only to a 1.5% O 2 atmosphere in the uterus (Ottosen et al., 2006) and O 2 tension in the fallopian tubes remain unknown due to the difficulty in obtaining these values. Therefore, it is unknown whether a value even lower, and more similar to the physiological one, could be more beneficial. Up to now, most published experiments including IVF and embryo culture in pigs are carried out under atmospheric O 2 conditions (20-21%). However, the only study in swine using low O 2 levels (8-10%) during both, IVF and EC, has shown a beneficial developmental effect on porcine blastocysts (Karja et al., 2004) . Despite these data, it is unknown the precise O 2 tension in the swine reproductive tract and whether the use of these values might improve the efficiency of in vitro embryo production systems.
The novelty of this study is a serial measurement of O 2 tension in the reproductive tract of pig for first time with the aim of translating those results to pig ART. To our knowledge, this is the first time that LESS approach has been used in the pig for this purpose, with the big advantage of reducing intra-operative organ manipulation, post-operative pain and total recovery. In addition, the miniaturized luminescent probes used in this study allowed accurate and immediate determination of O 2 levels while minimizing the insult to oviductal or uterine mucosa (Ottosen et al., 2006) compared with previously performed procedures ( Table I ). The records of O 2 levels displayed two potential profiles, flat or waved, which were not associated to any pig group or state of the estrous cycle, but influenced by the measuring site. Thus, no flat profile was observed in the uterus (Table II) . This finding suggests that there may be a different threshold for O 2 variation between the oviduct and uterus which could be more restricted in the oviduct. A similar waved pattern was observed by Nichol et al. (1997) for the oviduct pH, which varied depending on the oviduct region (ampulla versus ampullary-isthmic-junction) and the stage of the estrous cycle (pre-, peri-and post-ovulatory). Although these authors discarded a higher contractibility of the organ as the cause of the highly waved pH pattern this reason could not be ruled out in our study since the uterus always showed the waved pattern.
We also found significant differences in O 2 levels within the reproductive organs between gilts and sows, which could be explained because younger animals have a higher metabolic rate (McGaugh and Kiesler, 1981) . Nevertheless, the differences might be also be due to the hormone treatment used in gilts to induce the estrous cycle. Changes in the gene expression profile of peri-implantation endometrium in gonadotropinstimulated cycles compared with natural cycles have been reported (Mirkin et al., 2004) . Some of the genes affected are related to lipid and glucose metabolism and might be responsible for changes in the demands of O 2 , explaining the differences between hormonal treated animals (gilts) and non-treated animals (sows). Therefore, the effect of gonadotropins should be considered in the interpretation of our EC results as well. The use of gonadotropins for in vitro maturation (IVM) or superovulation is very common and still necessary in both animals and humans. Here, and according to our EC results, we propose the use of physiological O 2 levels throughout the IVF and embryo culture period especially when using oocytes from young animals. Doing this, it might be possible to decrease the scale of a potential effect caused by the use of gonadotropins either to induce ovulation for the in vivo collection of oocytes or during IVM of these oocytes on the blastocyst yield. Additional studies in human clinics, reducing the O 2 tension during the IVF period would help clarify this hypothesis. In this study, the establishment of O 2 values at different sites in the same organ was performed for the first time. In the case of the oviduct, the isthmus plays an important role as reservoir for sperm (Suarez et al., 1998) while the ampulla is the place where fertilization occurs (Kölle et al., 2009) . For this reason, O 2 data recorded in those places have a special relevance. However, no differences in O 2 percentages were found between both sites, neither between reproductive states, but remarkably, a tendency of higher O 2 concentration when pigs are approaching the peri-ovulatory phase was observed. The O 2 peak observed in this study matches with the volume increment of oviductal fluid during the periovulatory phase caused by the increase of steroid hormones (Hunter et al., 1983) . Also, it corresponds to the highest levels of the vascular endothelial growth factor receptor-two (VEGF-R2 or KDR) observed in the oviduct mucosa of the pig (López Albors et al., 2017) . Binding between VEGF-R2 and its activating factor VEGF-A is assumed to enhance the effect of VEGF-A on the vascular permeability of the oviductal epithelium. Hence, an interaction between steroid hormones, the factors regulating vascular oviduct permeability, and O 2 is evoked from our results.
From the present data, a larger number of pig blastocysts and an increase in their mean number of cells were obtained when embryos were fertilized and cultured in the O 2 tension (7%) found in the reproductive tract of sows compared to conventional O 2 tension (20%). This beneficial effect may be associated with a reduction of metabolic stress that leads to a decrease of ROS, DNA fragmentation and finally, apoptosis (Agarwal et al., 2003; Kitagawa et al., 2004) , although these hypotheses should be further tested and remain speculative at the moment. Moreover, once a detailed information of in vivo measures in the different stages of estrus cycle and organs have been collected, further studies with a wider group of experiments using the physiological O 2 levels registered at each step of the in vitro culture would be necessary.
In conclusion, low oxygen in reproductive organs is an important modulator of the microenvironment within which gametes and embryos develop and thus, it should be translated to ART. In most animal reproduction laboratories, embryo culture is performed at low O 2 levels near physiological ones, but IVF is still is done at atmospheric levels (20%) without knowing the damage that these non-natural levels might cause to the embryo so far. With the results of this work, it has been demonstrated in terms of embryo development and quality that the use of the same O 2 conditions as those found in the reproductive organs during each step of the process (IVF and EC) is quite beneficial for the production of embryos.
